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What is GW?

Infinite summation of diagrams over one single class: the rings
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RPA for the screened Coulomb interaction
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What is GW?
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Outline

1) A finalized contribution to ABINIT:

Coulombic divergence integration in the
exchange operator

2) A contribution to come:

Linearized GW density matrix for solids
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Outline

2) A contribution to come:

Linearized GW density matrix for solids
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Reproducibility in G W,

Cross validation among PW codes: ABINIT, BerkeleyGW, Yambo

Translation: Why do we still get different results with different codes?

'l [cond-mat.mtrl-sci] 16 Mar 2019
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Ab initio manv-body perturbation theory within the W approximation is a Green's funetion
formalism widely vsed in the caleulation of quasiparticle excitation energies of solids. In what
has become an increasingly standard approach, Kohn-Sham eigenenergies, generated from a DFT
caleulation with a strategically-chosen exchange correlation functional “starting point™, are used
to construct & and W, and then perturbatively corrected by the resultant GW self-energy. In
practice, there are several ways to construet the GW self-energy, and these can lead to variations
in predicted guasiparticle energies. For example, for Zn0) and TiO,, reported OW fundamental
gaps can vary by more than 1 eV, In this work, we address the convergence and key approximations
in contemporary G W, caleulations, including frequency-integration schemes and the treatment of
the Coulomb divergence in the exact-exchange term. We study several systems, and compare three
different (W codes: BErRkKeLEYGW, ABiniT and YambBo., We demonstrate, for the first time, that
the same gquasiparticle energles for systems in the condensed phase can be obtained with different
codes, and we provide a comprehensive assessment of mplementations of the GW approximation.
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Exchange operator converges slowly

Bulk silicon
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1. ABINIT: the worst of all codes
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2. exchange operator: also present in hybrid functionals
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Exchange operator within PW

Coulomb interaction Density matrix
Exact exchange in PW: y

A A
[ Y@ ™
(ik|Z:|k) = =) v(q+ G) Y Mix(a+G)M;,(a+G)
q.G vEocc.

where the matrix elements are
Mk = (ik|e?9tE) T |yk — q)

and the Coulomb interaction is
471
q+GJ

v(q+G)=
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Exchange operator within PW

Coulomb interaction Density matrix
Exact exchange in PW: y

k A
[ N ™
(ik|Z:|k) = =) v(q+ G) Y Mix(a+G)M;,(a+G)
q.G veocc.
where the matrix elements are Behavior at q =G =0

M; 1 = {'ik‘ﬁfil{q+ﬂ}'r‘i_.fk o q} N (Siv

and the Coulomb interaction is Integrable divergence in 3D
1

47 A
w) o | ‘dgdng’—
4+Gf Jodadna

v(q+G)=
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Monte Carlo sampling of the miniBZ

Purpose: Integrate the Coulomb interaction at q=0
in the arbitrary shape volume of the BZ around q=0, Q,

2y Am

2
NMC qeQ, (

// v a
2x2 sampled Brillouin zone
Q

° / ° /

Jodavia) =
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Monte Carlo sampling of the miniBZ

Purpose: Integrate the Coulomb interaction at q=0
in the arbitrary shape volume of the BZ around q=0, Q,

2y Am
NMC qeR, q2

/ / 2x2 sampled Brillouin zone
I = -/ /

icutcoul 14, 15, 16 for short-, long-, any-range exchange

fgoqu(q) =

Two parameters:

And N, . hard-coded to 2,500,000
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Outline -

1) A finalized contribution to ABINIT:

Coulombic divergence integration in the
exchange operator
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Density matrix

Obtained from a Green’s function or from a mean-field approx.
y(r,r')==iG(rt,r't") yirr)=2 fiolr) e ()

Electronic density
y(r,r)=n(r)
Kinetic energy

(Ty=—2 [ drlim,.,, V2 yr,r)

Hartree energy

1 ! 1 ! !
E= [ drdr e Lyl

Exchange energy

1

(Eg=—=[drdr 'y (rr)——

|r_rr y<r"r)

In summary: Everything but the electronic correlation energy
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Linearized Dyson equation

Dyson equation One-shot GW
® ® ® )
A = A + 1 A = A + A
® ® ® ® ® ®
G =G, +G, 226G
time
A Equal time Green’s function = density matrix

SN é
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Linearized Dyson

® ?
A = 4 + 1
) ) )

ylr,r')=—iG(rt,r't")
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“Linearized” GW density matrix

j*/()o
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“Linearized” GW density matrix

F. Bruneval, GW density matrix Abidev, 2019



“Linearized” GW density matrix

or how to simulate self-consistent GW without doing it

Simple formula:

w; w;
0Ccc-0cCC DszW = 20;; — 2 Z ia ja
- EZ_EQ_QSEJ_E(I_QS
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Comparison to scGW dipoles

scGW bond length [29]

scGW [29]
D{’ + W

L

LiH

o
~]

5.90
5.91
5.90
5.96
5.92

9

HF

0.919

1.85
1.84
1.80
1.93
1.85

LiF

1.586

6.48
6.42
6.33
6.52
6.37

CcO

1.118

0.07
0.10
0.41
-0.22
0.10

[29] Caruso, Rinke, Ren, Rubio, Scheffler, Phys. Rev. B (2013)

Bruneval, Phys. Rev. B (2019)
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34 molecules benchmark: ionization potential

v * | * )
H Li C N
) © () ()
F Na Si P

F. Bruneval, GW density matrix

Reference density matrix within CCSD
CCSD
D

in a good basis set “cc-pvVQZ”

F. Bruneval & MAL Marques, JCTC (2013)
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Density quality
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Density matrix quality
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Density matrix in imaginary frequencies

G=G,+G,3 G,

__ i~ HF
kaq_kaq

Marc T.

ylr,r'),n(r)

F. Bruneval, GW density matrix
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Fabien B.

Already in Abinit for p = q
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Having improved densities in solids

Revisit the band offsets “a la Shaltaf-Rignanese-Pasquarello” PRL 2008

VHartree(r)
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Supplemental information
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GW / BSE work flow: the “one-shot” procedure

Also named G, W, /\/\@\\;_,GW
. gKS

oz o)
€n Pn €n Fn

el S
[ W v (wp—=| E;GW}

Ww=0) ¢ egwa Quasiparticle energies

sts Optical excitation energies
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MOLGW: recycling old quant. chem. recipes

: MODERN
Ingredients: QUANTUM
05 SLATER CHEMISTRY
. -1 G NSRS STO-1G m&%ﬁﬁm
» Real Gaussian basis functions:
A ] ot 4k , it $T0-26
(I)u( Z C e ———— ST0-36
é """""""
=> from Basis Set Exchange website o2r e
_ https://bse.pnl.gov/bse/portal ol b Bl & Gat
* Wavefunctions (LCAO): ~
.0 D 10 15 20 25 30 35 40
— Radius (a.u.)
_ ZM: Cui q)u (r>

Figure 3.3 Comparison of the quality of the least-squares fit of a 1s Slater function ({ = 1.0)
obtained at the STO-1G, STO-2G, and STO-3G levels.

e Coulomb integrals:

(vl =[ drdr o, (ro.(r =l e (r)

=> from LIBINT library Faleev et al Github (2016)

* XC functionals e (p(r),Vp(r)) Velp(r),Vo(r))

=> from LIBXC library

Marques et al CPC (2012)
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Analytic expression for 2
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34 molecules benchmark: ionization potential

Reference IP’s obtained within CCSD(T)

“ (#) o & ¢
non e o P =~ = B ESD
o v o o @ _ _

F Na Sj p Cl in a good basis set “cc-pVQZ

F. Bruneval & MAL Marques, JCTC (2013)
Abidev, 2019
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Chemistry vs Physics: as of today

Today’s best practices:

7 104 MSE = 0.44 eV
£ =] MAE =046 eV
P . o)}
- -
.é D T T
2 , 101 MSE = -0.32eV
O = 5] MAE =036V
D_ I I
» 101 MSE = 0.21 eV v
. . B <vG1WGPBEO
® = 5] MAE—022¢V 3
g 0 —
& ., 10{ MSE = 003ev r @
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Error (eV)
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GW most noticeable failures

10 + [ | G[JI':L?[JI:@IPBED(I.:[J.S
MSE = -0.03 eV
i MAE = 0.10 eV m
0 T T

—1.0 5
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0.5 1.0
Elml o‘»
CS N,
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P
Error: -0.33 eV -0.38 eV -0.42 eV
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Natural occupation numbers

Eigenvalues of the density matrix

Natural occupation
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scGW: Hellgren, Caruso, Rinke, Rohr, Ren, Rubio, Scheffler, Phys. Rev. B (2015)
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Total energies without self-consistency

GW correlation

GW T dy 1 1 )
E7TG] = / 5 /{irliirgm—[){ (ry.r1,iv) — X" (rg, 11, iv)]

— 1y

RPA correlation

RPA e fff! 0 .
ERPAIQ] = fm ffrlffrg |[,. (ro,r1,1) — X (re,1r1,1V)]

Adiabatic connection captures the correlation part of the kinetic energy

c

FIy*®] FIy®"] E E F*
Galitskii-
Migdal . .
RPA | L]

New
proposal . .
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Stability of the energy functionals

Total energy evaluation starting from G

scGW: Stan et al.,

—2.907 T J. Chem. Phys.
_ sC e o o e - o (2009)
= 2951
a0
S Correlation part
z —3.007 of Kinetic energy
£ Galitskii-Migdal not included
= —3.05- RPA functional 1 .

H aw . 1 . L included
c o F[D"] + 3 Tr[EG,xs]
—3.10 . . . . . -

(x

NG S BN - N (IR NIReA
PROE S\ R

= = =
X X X (X

SCF start

Only one evaluation of the screened Coulomb interaction W!
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Entire Fock operator quality

(HOMO|F[ y]|[HOMO)

0.4 ~~ W0
® ,},E_JH'H.;_,TKE-
~QSGW
0.3 - |
_
~ .

S,

Fock HOMO error (eV)

=
=

(X > x (x o

SCF start
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Density matrix effect on Fock operator

co
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IP from improved matrix density

0.8 \ 34 molecules
0.6- '\ "'
0.4-
E 0.2-
£a
g 0.0 v
—
_02 B E— Mean-field
0.4 GV
—1), - G{:IH-T{:I+F[_DE‘('HDI 1
—0.6 Gl +F[—Dm1-] °
0.0 ofzf 04 06 08 1.0 HF

PBE PBEO SCF start

* D°" has a similar effect as D“*° (+0.2 eV)
* Best mean-field starting point corresponds to the best GW+F[D®"]
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